Understanding the impacts of livestock grazing on wildlands is important for making appropriate ecosystem management decisions. Using livestock exclosures, we examined the effects of moderate cattle grazing on the abundance of California ground squirrels (Spermophilus beecheyii Richardson) and the spatial distribution of active burrows within their colonies in grassland and blue oak (Quercus douglasii Hook. & Arn.) savanna habitats in the coastal range of California over a 3-year period (1991)(1992)(1993)(1994). Overall, relative population densities of California ground squirrels declined significantly throughout the experiment, but did not differ between grazed and ungrazed colonies or between habitats. There was also no significant interaction between these 2 factors. The spatial distribution of burrows, as measured by the mean nearest neighbor distance of active entrances within a colony, did not differ significantly between grazed and ungrazed colonies or between habitats, nor was the interaction significant. Thus, low to moderate levels of cattle grazing did not appear to have a strong effect on the population dynamics of California ground squirrels, and grazing may be compatible with maintenance of ground squirrel populations. Based on multivariate analysis of variance of 1994 data, live plant cover, native plant cover, and standing biomass were lower where the number of burrows was higher on grazed colonies but were little affected on ungrazed colonies. Ground squirrels may increase the impact of livestock grazing and thus reduce the capacity of the land to support other activities. However, it is clear that the effects of livestock grazing are complex and that detailed studies of potential mechanisms by which grazing impacts California ground squirrel populations are necessary.
INTRODUCTION
Livestock use (grazing) of wildlands can have many ecological effects (reviewed in Fleischner 1994 , Milchunas et al. 1998 , including demographic effects on plant and animal species, alteration of the structure of ecological communities, and alteration of ecosystem structure and function. Understanding the effects of grazing at the population, community, and ecosystem levels is critical for making appropriate management decisions (Fleischner 1994) . The impacts caused by grazing on a particular ecological system, however, depend upon many factors, such as evolution of the system in the presence of large mammalian herbivores (Mack and Thompson 1982; Milchunas et al. 1988; Bock and Bock 1993) , habitat type and its ecological condition (Proulx and Mazumder 1998; Hatch et al. 1999) , climate (Milchunas et al. 1988) , taxa under study (Bock et al. 1984; Milchunas et al. 1998) , and seasonal timing and intensity of grazing (Menke 1992) .
Substantial variation in the responses of both native plant and animal communities to grazing has been documented (Daubenmire 1940; White 1967; Rickard et al. 1975; Szaro and Pase 1983; Bock and Bock 1993; Noy-Meir 1995; Schuman et al. 1999; Stohlgren et al. 1999) . One consistent finding for both plants and animals, however, is that responses to grazing are often species-specific, even within ecological guilds and taxonomic groups. For example, species-specific responses by native grasses and forbs to fire disturbance and cessation of grazing complicate efforts to restore grasslands in California (Hatch et al. 1999) . The cumulative effects of livestock grazing on an ecological community are a composite of several different individual effects, such as herbivory, trampling, and elimination. It is therefore reasonable to expect variation in the effects of grazing on any particular plant or animal species.
The effects of grazing on small mammal species populations can be variable. Kangaroo rats (Dipodomys sp.; Rodentia) have been found at higher population densities in grazed compared with ungrazed areas (Reynolds and Trost 1980; Bock et al. 1984; Jones and Longland 1999) , whereas population densities of other small mammal species are lower in grazed areas (Reynolds and Trost 1980; Bock et al. 1984; Medin and Clary 1989; Hayward et al. 1997, Jones and Longland 1999) or appear unaffected (Heske and Campbell 1991) . Some small mammal species, however, are only found in areas protected from grazing (Medin and Clary 1989) . Such species-specific responses to grazing typically result in altered structure of animal assemblages in grazed relative to ungrazed areas (Milchunas et al. 1998; Jones 2000) . Some differences among animal species in their responses to grazing may be mediated by interactions between the direct effects of grazing on habitat quality and speciesspecific habitat requirements (Hayward et al. 1997; Germano et al. 2001) . For example, grazing may induce changes in habitat structure that affect foraging efficiency or thermoregulation (Jones 1981; Bock et al. 1984) or the detection and avoidance of predators (Hayward et al. 1997; Germano et al. 2001) or cause competition with livestock for forage (Reynolds and Trost 1980) . However, for conservation, the interaction between livestock grazing and small mammals may be most detectable in the plant community where their activities most overlap.
Using livestock exclosures, we examined the effects of moderate cattle grazing on the abundance of California ground squirrels (Spermophilus beecheyii Richardson) and the spatial distribution of active burrows within their colonies in grassland and blue oak (Quercus douglasii Hook. & Arn.) savanna habitats in the coastal range of California during a 3-year experiment. Because livestock grazing has the potential to change both resource availability and ground squirrels' ability to detect predators, we did not hypothesize a priori that an increase or decrease in squirrel abundance or specific change in spatial pattern of active burrows would result from grazing. Our null hypothesis was that ground squirrel numbers and spatial placement of burrows would not differ in grazed and ungrazed colonies in grasslands and oak savannas. We also hypothesized that the combination of livestock grazing and squirrel activity would have no impact on the proportion of native plant cover on the colonies.
MATERIALS AND METHODS

Natural History and Study Location
The California ground squirrel is a native colonial rodent common in grasslands and savannas in western North America (Ingles 1965) . California ground squirrels principally eat seeds (especially of grasses and oaks), new growth of grass, and fruits, and supplement their diet to an unknown degree with insects (e.g., grasshoppers) and grass roots (Linsdale 1946) . California ground squirrels are thought to compete with livestock for forage (Storer 1942) , but the ecological impact of any such competition has not been quantified.
Avoidance of predation is an important component of the California ground squirrel's social system. California ground squirrels employ a system of vocalizations and postures to signal alarm and avoid predation (Linsdale 1946; Hennessy et al. 1981; Hersek and Owings 1994; Swaisgood et al. 1999 (Bartolome 1987) , and California ground squirrels are abundant in both habitats. The historical herbaceous composition is unknown (Hamilton 1997) ; however, the native vegetation was likely dominated by perennial bunchgrasses with native annual grasses and forbs occupying the interspaces (Heady et al. 1992) . At Del Valle Park, common herbaceous vegetation includes the nonnative grasses Avena barbata Link, Bromus madritensis L., Bromus hordeaceus L., and Bromus diandrus Roth; forbs include Brassica nigra (L.) Koch and Carduus pycnocephalus L. Native vegetation on the site includes Achillea millefolium L., Ceanothus megacarpus Nutt., Clarkia sp., Epilobium sp., Hemizonia congesta DC., Melica californica Scribner, Nassella pulchra (A. Hitch.) Barkworth, Plagiobothrys nothofulvus A. Gray, and Sisyrinchium bellum S. Watson in addition to blue oak trees (Quercus douglasii).
Livestock grazing has occurred in California since 1769, with the arrival of the Spaniards (Burcham 1956 ). The Del Valle area has been grazed year-round by cattle since about 1800, but had not been grazed for 3 years before this study because of an extended drought. Livestock grazing was reintroduced to the park in early 1991 under the park's grazing management plan which permits livestock grazing while herbaceous vegetation remains above 1 200 kg ha
À1
. Livestock typically begin grazing the park in March or April and are removed in early-to midsummer when approximately 1 200 kg ha À1 average residual dry matter (RDM) remains. This level of livestock use is considered low to moderate for this region (Harris et al. 2002) and conserves the plants, soils, and water of the park.
Field Methods
We selected 3 sites within the southeastern portion of the park according to the following criteria: 1) vegetation consisted of annual grassland or of blue-oak-dominated savanna (approximately 50% tree canopy coverage), 2) at least 12 active squirrel colonies were within a contiguous 4-ha area, 3) slope was less than 40%, and 4) the area was commonly used by livestock. Each site's grassland and savanna habitats were separated on a map into 2 grassland and 2 savanna areas, which were then randomly assigned to either grazed or ungrazed treatments. Fencing to exclude cattle was constructed in fall 1991. Thus, each of the 3 sites included 4 experimental units: grazed and ungrazed grassland and grazed and ungrazed oak savanna.
Within each experimental unit, 3 active squirrel colonies were randomly selected and marked with steel rebar at the center of colony activity. To be considered for selection, colonies had to be more than 15 m from the exclosure boundaries, have at least 30 m separating them from the next nearest colony, and have at least 5 burrow entrances (12 colonies had 5-9 entrances, 10 had 10-18 entrances, and 14 had 21-42 entrances). A total of 36 colonies were in the study, with 9 colonies in each of the 4 treatment combinations. All burrow entrances within a 10-m radius of the colony center were mapped ( Fig. 1 ) and rated for activity in annual censuses every fall from 1991 through 1994. The colony census in 1991 occurred before the grazing treatment had been applied and thus represented the initial conditions at the site. Each burrow entrance was rated from 0 to 4 to categorize colony activity: ''0'' indicated no evidence of a previously mapped entrance; ''1'' indicated an entrance filled with dirt, with vegetation growing on filled surfaces, and with no other paths to other burrow entrances evident; ''2'' indicated an entrance filled or partially filled with no evidence of recent use or soil disturbance, but with vegetation not yet reestablished on the fill; ''3'' indicated an open entrance with no evidence of recent use or soil disturbance, with debris or spider webs in the opening, but with evidence of paths to other burrow entrances; ''4'' indicated an open entrance with evidence of recent use in terms of soil disturbance and active use of paths to other entrances. Active burrow entrances were those with a rating of 3 or 4. Observing the number and location of active burrow entrances per colony is a commonly employed technique for censusing ground squirrels. The number of active burrow entrances has been shown to be predictive of ground squirrel population densities (Owings and Borchert 1975; Nydegger and Smith 1986) , although this technique may have variable predictive power (Van Horne et al. 1997) .
Herbaceous vegetation at each colony was evaluated to determine livestock use and assess site quality in terms of herbaceous cover and primary productivity. At the end of each growing season from 1992-1994, all aboveground herbaceous vegetation was clipped and collected from a plot of 625 cm 2 in area randomly located near the center of each of the 36 colonies.
For each of the 18 grazed colonies, an additional 625-cm 2 plot was covered by a cage (1 m 3 ) made of hardware cloth (5 3 10 cm mesh size), which prevented grazing by livestock. The clipped vegetation was dried at 658C for 48 hours and weighed. To estimate changes in the vegetative composition, a 25-m transect bisecting each colony was sampled at the end of the growing season on 24-26 May 1994. We recorded plant species for the first hit on a live plant part by a vertically lowered pin every 0.5 m along the line transect.
Statistical Analyses
We analyzed the effects of the grazing (grazed or ungrazed) and habitat (grassland or savanna) treatments on the number of active ground squirrel burrow entrances in each colony in each year (1992) (1993) (1994) , relative to the baseline provided by the pretreatment year (1991). The proportional change in numbers of burrow entrances, as an estimate of the relative population density of ground squirrels, was calculated by dividing the number of active burrow entrances per colony in each census year (1992) (1993) (1994) by the number of active burrow entrances per colony before the grazing treatment was applied in 1991. This method allows better comparison of colonies because it controls for the initial differences in colony sizes.
To investigate the effects of the grazing and habitat treatments on the spatial distribution of active burrow entrances in each colony, we calculated the mean nearest-neighbor distance (NND) of active burrow entrances for each colony (Clark and Evans 1954) . The mean NND has been shown to be normally distributed (Donnelly 1978) . Therefore, we used the mean NND as the dependent variable in the same models as described above for the burrow entrances. Because the precision of any indicator of spatial relationship, such as NND, is inversely related to sample size, we weighted the dependent variable (mean NND) by the number of burrow entrances in each colony in each year. Analysis of NND allows detection of changes in the distance between squirrel burrows within colonies and provides a measure of behavioral change separate from the relative density of a colony. We tested the effect of the grazing exclosure by comparing weights of herbaceous vegetation inside and outside of caged vegetation plots in the colonies exposed to grazing.
The mixed procedure in SAS (SAS System 2000) with a repeated measures design accounting for ''site'' in the model as a block (random effect) was used for all analyses. In each analysis, the full model with all main effects and interactions was tested, and insignificant terms were pooled into error. The final model was the one with the lowest value of Akaike's information criterion (Burnham and Anderson 1998) . Degrees of freedom were determined using the Satterthwaite method (Littell et al. 1996) . Assumptions of homoscedasticity and sphericity were met, and transformations were used when necessary to achieve normality of the data.
To estimate the effects of the squirrel colonies and the treatments on the plant community, we analyzed the transect data and the uncaged clipping data with a multivariate analysis of variance (MANOVA) using total cover, cover of natives, and the dry weight of standing biomass as the dependent variables in separate analyses. The number of burrow entrances per colony in 1994, the average NND in 1994, the blocking factor, and the grazing and habitat treatments were used as the independent variables. Transformations were used when necessary to achieve normality of the residuals. The analysis of variance procedure is needed to calculate the statistics in the presence of the correlations among the dependent variables and obviate the concerns from the use of multiple independent tests.
RESULTS
The number of burrow entrances (as a proportion of the 1991 numbers) of California ground squirrels did not differ between grazed and ungrazed colonies (P ¼ 0.23) nor between grassland and savanna habitats (P ¼ 0.43), and there was no significant interaction between grazing treatment and habitat (P ¼ 0.13). Burrow entrance numbers declined significantly throughout the experiment (P , 0.01; Fig. 2) , and the severity of the decline varied significantly between habitats (P , 0.01), but inference is weak in estimating year effects in our repeated measures design.
The spatial distribution of burrows as measured by the mean NND of active entrances within a colony did not differ significantly between grazed and ungrazed colonies (P ¼ 0.26) or between habitats (P ¼ 0.06), nor was the interaction between these factors significant (P ¼ 0.08; Fig. 3 ). No other terms in this model were significant.
Based on MANOVA of 1994 data, live plant cover, native plant cover, and standing biomass were lower where the number of burrows was higher on grazed colonies but were little affected on ungrazed colonies (Fig. 4) . The number of burrows was a significant effect (P ¼ 0.03) but must be considered as part of the significant interaction between the number of burrows and the grazing treatment (P ¼ 0.046; Fig. 4 ). Habitat was also significant (P ¼ 0.01) but this was substantially because of the effect of standing biomass (see below). Native plant cover (irrespective of oaks) was associated with a significant interaction (P ¼ 0.04; Fig. 5 ) between the number of burrow entrances and the distance between them (average NND). Native cover decreased with increasing numbers of burrow entrances and decreasing NND.
In grazed California ground squirrel colonies, dry weight of standing biomass in plots protected from grazing (caged plots) was significantly greater than that in unprotected plots (55 g m À2 , P ¼ 0.02). The grazing exclosure treatment therefore appears effective in that herbivory by cattle resulted in a significant decrease in herbaceous vegetation in uncaged relative to caged plots and the average livestock consumption was 550 kg ha
À1
. As expected, herbaceous standing biomass (which did not include oak biomass) was significantly higher in the grassland than in the oak savanna (312 g m À2 vs. 130 g m À2 , P , 0.01). These amounts are lower than the true primary production because squirrels had access to cage interiors and because cages generally provide relative rather than absolute estimates of primary production (Parsons et al. 1984 ).
DISCUSSION
Our results show no statistically significant direct effects of low to moderate levels of cattle grazing (i.e., RDM levels of 1 200 ) on either the density or the spatial distribution of active burrow entrances within colonies of California ground squirrels. A power test (following Cohen 1988) indicated that statistical power of the design was large enough to detect relatively weak treatment effects (F 0.1), suggesting that our findings of no direct effects of grazing were not because of lack of replication. Our finding of no direct effects of grazing could result from low grazing intensity. However, this level of grazing was typical for the region. It is therefore of ecological and managerial importance to understand what the impacts of actual grazing pressures may be in a given ecosystem.
Ground squirrels prefer more open habitats (Ingles 1965) , and they may abandon their burrows or change the spatial distribution of their entrances if vegetation grows high enough to obscure common predators, as may occur in ungrazed areas. Similar habitat selection has been documented in yellow-bellied marmots (Marmota flaviventris Eschscholtz), which abandon burrows when vegetation grows high enough to provide predator concealment (Svendsen 1976; Carey 1985) and kangaroo rats, which occur at higher densities in grazed compared to ungrazed areas (Jones and Longland 1999) . Actual or perceived risk of predation can influence the spatial distribution and habitat selection of animals, and a trade-off exists between avoiding predation and engaging in other activities that may increase fitness (e.g. foraging and mating; Lima and Dill 1990).
Thus, preferences for open habitats vs. habitats with substantial vegetative cover may underlie some differences in the responses of small mammal species to grazing (Bock et al. 1984; Jones and Longland 1999) . Such preferences may underlie variation in abundances of other vertebrates in grazed and ungrazed habitats, as well (Jones 1981; Germano et al. 2001) .
Grazing may have many effects on a particular species, and some of these effects may counteract each other, as is characteristic of some symbioses involving herbivores (Coppock et al. 1983; Krueger 1986 ). Any advantages of grazing conferred to squirrels by virtue of increased predator detection from reduced vegetative cover may be counterbalanced by other disadvantages caused by grazing such as competition for forage. Such conflicts could explain why other studies of longer duration than that reported here have found no detectable effects of grazing in other small mammal species (e.g., Roundy and Jordan 1988; Heske and Campbell 1991) . Whereas our study did not find increases in densities of California ground squirrels with grazing, other studies have suggested that California ground squirrels may have higher population densities in grazed compared to ungrazed areas. On Hastings Reservation in California, when lands formerly grazed were protected from grazing, the densities of California ground squirrels fell precipitously (Linsdale 1946) . Studies at the San Joaquin Experimental Range near Fresno, California, showed similar results in that squirrel populations were larger in areas grazed by livestock compared with ungrazed areas (Howard et al. 1959; Fitch and Bentley 1949) . Other studies have documented higher predation risk for ground squirrels in habitats with high, compared to low, vegetative cover (Schooley et al. 1996; Sharpe and Van Horne 1998) . Furthermore, the spatial distribution of Arctic ground squirrels (S. parryii plesius Osgood) may be directly linked to predation risk because squirrels tend not to occupy habitats that reduce their ability to perceive predators (Karels and Boonstra 1999) .
California ground squirrels are likely to share some food resources with cattle, such as new grass growth. In California, new grass growth may be limiting in the dry season, when most grasses are dormant. During this time, any competition between cattle and California ground squirrels for shared resources may have adverse impacts on the squirrels because cattle have a larger range and a less discriminating diet. We have no direct evidence of what positive or negative effects California ground squirrels may experience in the presence of cattle. Our study demonstrates that, cumulatively, low to moderate levels of grazing appear to have no detectable effect on population densities of California ground squirrels. However, we found evidence that resource availability (in terms of live plant cover, native plant cover, and standing biomass) was negatively related to population densities of California ground squirrels in the presence of cattle grazing.
Decreased live plant cover, native plant cover, and standing biomass associated with increased burrow numbers in the presence of livestock grazing showed the general decline in quantity and forage quality of vegetation as a result of the combination of herbivores (Fig. 4) . This effect could be considered as an intensification of the normal effects of livestock grazing, at least within the colony boundary. This end result may cause predicted livestock impacts to be underestimated in areas with substantial squirrel populations, which could be important for many management considerations, including the assessment of erosion potential, the advisability of off-road activities, and the impact on other animals. The univariate analysis of native plant cover (other than the oaks) showed a decrease with increasing number of burrows (Fig. 5) but the decrease was contingent on the distance between the holes. This makes intuitive sense because the squirrels should impact plants less with distributed activities and fewer squirrels.
Although livestock use was readily apparent in the grazed areas, the clipped plots seemed to substantially underestimate the standing biomass for both grazed and ungrazed treatments as well as both the grasslands and savanna habitat types. This most probably was because of the location of the plots within the squirrel colonies, which did not afford us an estimate of standing biomass production independent of squirrels. In addition, the caged plots used to estimate livestock effects allowed squirrel access, and cage interiors possibly provided a predator-free refuge, which may have magnified their use.
The fenced livestock exclosures used to create the ungrazed treatments were large enough to contain the core home ranges of the squirrel colonies (;0.28 ha; Linsdale 1946) within them, but nothing except distance prevented the squirrels on either side of the fence from using resources outside of their assigned treatment. Although we assumed that adjacent resources predominated, others have occasionally noted squirrels as having traveled more than 1 000 m from their home colony (Linsdale 1946) , which, in our experiment, would put them well outside the treated areas. Correctly or incorrectly, conditions within 30 m of the colony, where more than 60% of all activity occurs (Lindsdale 1946) , were assumed to be the most important when our experiment was designed.
Other mechanisms may also explain our finding of no significant effect of grazing on population densities of ground squirrels. Population dynamics of many small mammals are controlled by predation (e.g., Pitelka et al. 1955) . California ground squirrel populations may be more affected by predators such as raptors, coyotes, and foxes than by effects mediated by cattle grazing. Alternatively, ground squirrels may compete for forage more with other herbivorous small mammals than with cattle. Furthermore, competition with cattle, if present, may only be significant in years with limited forage. Management of grazing at Del Valle Park may prevent forage levels from ever reaching this critical threshold. It is clear that the effects of livestock grazing are complex and that detailed studies of potential mechanisms by which grazing impacts populations are necessary.
MANAGEMENT IMPLICATIONS
Low to moderate levels of cattle grazing did not seem to strongly affect the population dynamics of California ground squirrels, and grazing may be compatible with maintenance of ground squirrel populations. Our experiment provides no direct evidence that livestock grazing should be eliminated to conserve or enhance populations of squirrels or the predator populations that they support. However, we find some limited evidence that California ground squirrels may increase the impact of livestock grazing and thus reduce the capacity of the land to support other activities such as recreation or military training. Future research should include experiments with heavier grazing and more intensive sampling of forage availability as well as measuring plant heights and concealment value. Studies of dietary preferences of ground squirrels would also resolve the extent to which dietary overlap is important in this interaction. Figure 5 . Native plant cover (irrespective of oaks) was associated with a significant interaction (P ¼ 0.04) between the number of burrow entrances and the distance between them (average NND).
